. In addition to the results presented, the GTEx project has provided a valuable resource for the community, making its raw data available in the dbGaP database (www.ncbi.nlm.nih. gov/gap), and processed data available in an interactive website (www.gtexportal.org). The sample collection, quality control, data standardization and organization of the project are perhaps no longer cutting-edge, because the study was conducted over several years. Nonetheless, these aspects of the work are more thorough than is typical for large consortium projects, so the data can be readily interrogated by other researchers to address specific questions using more-nuanced analyses.
As the GTEx project moves forward and examines more people, it will be necessary to consider three main challenges. First, although the consortium identified almost 1 million genetic variants associated with differences in gene expression, it could be that most don't directly cause gene-expression differences. DNA variants are often correlated across the genome, passed down together from one generation to the next. This means that, in addition to the causal variant for any given trait, numerous related, non-causal associations can be found. Therefore, some causal variants might not yet have been identified by the consortium. A complete genome sequence from each individual will be needed to identify all these associated variants, and should be used alongside new methods to predict the causal variant. The ability to manipulate genetic variants using CRISPR-Cas9 genome editing and to analyse any subsequent changes in gene expression, as the authors do in a handful of cases, should also allow researchers to determine causal genetic variation.
Second, although the GTEx analyses represent the most comprehensive tissue set catalogued so far, all tissues consist of many cell types, which probably contributes to the observed variation in gene expression. Testing for genetic effects on gene expression at a higher resolution in individual cells using single-cell processing technologies will help to distil the signal.
Third, to move beyond descriptive work to an understanding of the actual mechanisms that underlie gene-regulatory programs, multiple functional genomic assays that profile factors affecting gene expression (for example, chromosome accessibility, transcriptionfactor binding and the modification of DNA by methyl groups) should be performed in the same cells. Genetic variants can affect aspects of the gene-regulatory cascade other than levels of RNA, and these should also be examined. The rate of gene transcription, the mechanism of RNA processing and the rate of translation are three such examples. Some of these aspects of gene regulation will be examined by the ongoing 'Enhancing GTEx' project, as outlined in a Commentary published in Nature Genetics 7 . But for many of these dynamic experiments, frozen tissue samples, such as those used in the current study, might not be optimal. Future efforts could use stem-cell models, or study differentiated cells in vitro as a complement to generating data from frozen tissue.
Nonetheless, the extensive catalogue generated by the GTEx Consortium takes us a step closer to decoding the regulatory code of the genome. 
T E R R Y G A N N O N
T he idea of a group is intrinsic to mathematics -it is simply a collection of actions called elements. For example, the symmetries of an equilateral triangle form a group consisting of six elements (three reflections and three rotations), and the shuffling of a deck of 52 playing cards forms a group that has about 8 × 10 67 elements (the different ways in which the cards can be arranged). If something is fundamental to mathematics, then it is usually fundamental to physics. Indeed, the Lorentz group is central to Einstein's special theory of relativity, and the gauge group is central to the standard model of particle physics 1 . However, certain groups called pariahs were thought to have no connection to the physical world. Writing in Nature Communications, Duncan et al. 2 report the discovery of such a connection, which could have implications for both mathematics and physics.
Points on a plane are identified using their x, y coordinates. Because these coordinates are a pair of numbers, a plane can be referred to as 2-space. Similarly, we can speak of 3-space (if we include a third dimension), 4-space (if we also include time), and so on. Groups can act on n-space (where n is any number between 1 and infinity) by, for example, re scaling, rotating or reflecting points. These actions, known as representations, are well understood and computer-friendly, and feature in many areas of mathematics and physics. For example, every particle in high-energy physics corresponds to a representation of the Lorentz group 1 . Humans think reductively: we understand something complicated in terms of its basic components. Like the clicking together of Lego blocks, a large group can be obtained by clicking together smaller (usually simpler) groups. We do this by putting the smaller groups sideby-side, and then allowing one-way communication between them -analogous to fitting the prongs of one Lego block into the underside of another. The archetypal example is the addition of multi-digit numbers: when adding together 27 and 45, we first add 7 and 5 in one column to get 12, 'carry' the 1 and then add 1, 2 and 4 in a second column. In doing so, we click together two copies of what is known as the addition modulo 10 group (one copy for each column), with one-way communication taking place through the 'carry' process.
Just as we can write any number as a product of prime numbers (for example, 60 = 2 2 × 3 × 5), we can write any group as a clicking together of so-called simple groups. To some extent, group theory can be reduced to understanding the simple groups (the Lego blocks) and the different ways that they can be clicked together. One of the great accomplishments of twentieth-century mathematics was the determination of the complete list of simple groups that contain a finite number of elements 3 . Almost all of these groups belong to one of 18 'infinite families' -for example, the nth simple group in one of the families consists of half of the ways in which n playing cards can be arranged. But there are also 26 isolated groups called the sporadics.
MATHEMATICS

A pariah finds a home
Pariahs are fundamental building blocks in a branch of mathematics called group theory, but seem to be unconnected to both physics and other areas of mathematics. Such a connection has now been identified.
R E B E C C A J . L E E & R I C H A R D M A R A I S
A s cancer cells become resistant to drugs that target cancer-specific signalling pathways, an intriguing phenomenon called drug addiction sometimes develops 1 . This occurs when cells that are resistant to drug treatment become dependent on the drug. On page 270, Kong et al. 2 provide insights into the mechanisms underlying drug addiction in cancer. Their findings have major implications for the use of targeted tumour therapies.
The authors studied cultured cell samples of a type of human skin cancer called melanoma. They treated the cells with the drug dabrafenib, which is used to target the BRAF protein in cancers that have a cancer-causing mutation in the BRAF gene. Alternatively, the authors treated the cells with both dabrafenib and the drug trametinib, which targets an enzyme in the BRAF pathway called MEK. They identified drug-addicted cells, which died if they did not receive drug treatment.
To find the mechanism responsible for drug addiction in this context, Kong and colleagues used a genetic-engineering technique to delete genes in the cells. They withdrew dabrafenib from the engineered cells, then analysed the surviving cells for genes whose deletion prevented the cell death or growth arrest that usually occurs in drug-addicted cells when the drug is withdrawn. These experiments enabled the authors to identify two genes that they verified were involved in the drug-addiction process. The genes encode the proteins ERK2 and JUNB, which have roles in the BRAF-mediated signalling pathway. Then, using a panel of drug-resistant cell lines and in vitro and in vivo experiments, Kong et al. demonstrated that genetic depletion of MAPK1 (which encodes ERK2), JUNB or FOSL (which encodes JUNB's binding partner protein, FRA1) blocked the death of drug-addicted cells.
The authors uncovered an exquisite specificity of action of the proteins involved. For example, depletion of ERK2 prevented cell death associated with drug addiction, but depletion of ERK1 had no effect on this process. This is consistent with the observation that when the drug was withdrawn from drug-addicted cells, ERK2 but not ERK1 was hyperactivated, even though both act in the same signalling pathway.
The drug-addiction pathway was the same regardless of how drug resistance had developed in a particular cell, for example by increased activation of the ERK pathway, or by an increase in the number of copies of BRAF. So the authors' findings might have relevance for the treatment of many people who have drug-resistant melanoma.
To determine how drug-addicted cells die when the drug is withdrawn, the authors sequenced RNA in this type of dying cell. As the
CANCER
Tumours addicted to drugs are vulnerable
Cancer cells can develop an 'addiction' to the drugs they are treated with, so that they need the drugs to survive. Analysis of the underlying mechanism reveals a potential clinical strategy for harnessing this phenomenon. See Letter p.270 This discovery was completely unexpected. Nowadays, mathematicians explain the existence of monstrous moonshine by proposing that there is a two-dimensional quantum field theory, related to string theory, whose symmetry is the monster. Modular functions arise naturally in string theory, partly because the strings trace out surfaces as they move. In 1998, the mathematician Richard Borcherds was awarded the Fields Medal, the highest honour in mathematics, for his contribution to this work 5 (the story is described in ref. 6 ). Other moonshines, relating other sporadic groups to functions closely related to modular functions, have been discovered over the years. For example, Mathieu moonshine 7 involves a sporadic group that is called, by some, the most remarkable group of all, because it features in many different contexts. These moonshines all seem related to string theory, but the specific connections remain mysterious. Crucially, none have involved the pariahs. Mathematicians therefore began to suspect that perhaps the pariahs really were outcasts -Lego blocks too strange to be relevant.
Building on their earlier work 8 , Duncan et al. discovered a connection between the representations of a pariah called the O'Nan group 9 and the theory of elliptic curvescomplex curves shaped like the surfaces of doughnuts. The O'Nan group has approximately 5 × 10 11 elements 9 , which is about average for a pariah. Its representations give modular forms (closely related to modular functions) that contain intricate information about elliptic curves.
Duncan and colleagues' moonshine has a rather different flavour from that of the earlier discoveries. In particular, it is more difficult to see a possible connection to string theory. Because of this, the role that the O'Nan group has in nature remains unclear. Moreover, the precise relationship of its representations to elliptic curves needs to be fleshed out. The authors' discovery also raises the question of whether moonshines exist for the other pariahs, but this will require further work.
It is always difficult to gauge the importance of a mathematical result without the hindsight that many years brings. 
